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Abstract
Infective endocarditis is a rare but life-threatening disease associated with high mortality. Early diagnosis of the causative microorganism
is critical to patient outcome. However, conventional diagnostic methods are often unsatisfactory in achieving this goal. As a proof of
concept, we applied ﬂuorescence in situ hybridization (FISH) for detection and identiﬁcation of bacteria in histological sections of heart
valves. Biopsy specimens from 54 suspected endocarditis patients were obtained during valve surgery and analysed via FISH. Specimens
were screened with a probe panel that identiﬁes the most common bacteria implicated in endocarditis. Results were compared with
those of culture-based diagnostics and clinical data. Discrepant results were subjected to comparative sequence analysis of PCR-ampli-
ﬁed 16S rRNA genes. FISH detected bacteria in 26 of the 54 heart valves. FISH allowed successful diagnosis of infective endocarditis in
ﬁve of 13 blood culture-negative cases and in 11 of 37 valve culture-negative cases, showing the bacteria within their histological con-
text. This technique allows the simultaneous detection and identiﬁcation of microorganisms at the species or genus level directly from
heart valves and might be a valuable tool for diagnosis of endocarditis.
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Introduction
Infective endocarditis (IE) is a rare but life-threatening dis-
ease with considerable rates of morbidity and mortality
[1,2]. Diagnosis of IE is difﬁcult and conventional methods
often fail to conﬁrm the diagnosis, although numerous clinical
scenarios implicate endocarditis. Hence, directives such as
the modiﬁed Duke’s criteria have been developed to
facilitate and standardize the diagnostic process [3]. Duke’s
criteria rely on clinical symptoms, echocardiography, microbi-
ology and histology of vegetations [3,4]. Microbiological diag-
nosis of IE is based mainly on bacterial growth in positive
blood cultures, culture-positive resected cardiac valve tissue,
or infected emboli [5]. These culture techniques often fail
due to previous antibiotic therapy. Furthermore, endocarditis
caused by fastidious organisms [e.g. the HACEK group
(Haemophilus species, Actinobacillus actinomycetemcomitans,
Cardiobacterium hominis, Eikenella corrodens and Kingella
species), Abiotrophia spp., Brucella spp., Bartonella spp., Legionella
spp. and Mycoplasma spp.] or intracellular organisms (such
as Coxiella burnetii) may be missed by routine culture
methods [6,7]. It has been suggested that culture-negative IE
accounts for 5–30% of all cases of endocarditis [2,5,6].
Fluorescence in situ hybridization (FISH) is molecular
method that has proved useful for the detection and iden-
tiﬁcation of bacteria within their natural environment [8–
10]. FISH allows the detection not only of cultivable micro-
organisms, but also of fastidious or yet-uncultured organ-
isms. It can therefore identify pathogens in culture-negative
cases.
In this pilot study we subjected heart valves from 54
patients with suspected endocarditis to the FISH procedure
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and compared the results with the routine diagnostic work-
up. The aim was to use FISH to demonstrate bacterial colo-
nization of heart valves and to identify the microbial agent
responsible for IE, particularly when no cultivable aetiological
agent could be detected or identiﬁed.
Patients and Methods
Patients
From January 2003 to January 2004, consecutive patients
(n = 54) referred to the Charite´ University Hospital or De-
utsches Herzzentrum Berlin for endocardial surgery due to
suspected or diagnosed endocarditis according to the modi-
ﬁed Duke’s criteria were included in this study. Clinical and
pathological data were collected from the medical records,
including blood culture results for up to 3 months before
surgery.
Setting
Surgically resected heart valves from 54 patients were analy-
sed. FISH was used to detect and identify microorganisms
that were present in the tissue. The experiments were con-
ducted blind. Results were compared retrospectively with
the results obtained by conventional culture or molecular
techniques.
Cardiac valve culture
Part of each valve sample was inoculated onto
Columbia blood agar, chocolate agar, McConkey agar,
Sabouraud dextrose agar, anaerobically incubated Columbia
blood agar, and Thioglycolate broth. Samples were cultured
for 10 days at 37C in a 5% CO2 atmosphere. Isolated
strains were identiﬁed using standard procedures as imple-
mented at Charite´’s Institute for Microbiology and Hygiene.
Blood cultures
Blood cultures were performed on patients suspected of
having IE, as part of the routine diagnostic work-up.
Blood samples were cultured for 21 days under aerobic and
anaerobic conditions. All microorganisms were identiﬁed
using standard procedures.
Processing for FISH
Valve tissue samples were ﬁxed, embedded in cold polymer-
izing resin, and sectioned as described previously [7,11].
Enzymatic pretreatment using lysozyme and lysostaphin was
conducted to allow probe penetration into Gram-positive
bacteria [12].
Oligonucleotide probes
To detect and identify bacteria involved in endocarditis, a
panel of 16S rRNA directed probes at the species- or genus-
speciﬁc level was used in combination with probe EUB338
that visualizes most bacteria [13].
The probes used and their respective target organisms
have been published and are summarized in Table 1 [7,8].
Tropheryma whipplei was detected with species-speciﬁc probe
RE-WHIP3 (5¢-TATTGCAACCCTCTGTACCA- 3¢) which
was evaluated in this study (see Supporting information). All
positive results were veriﬁed using the probe nonEUB338,
which is the antisense probe of EUB338, to exclude non-
sense hybridization [14]. The nucleic acid stain 4’,6-diamidi-
no-2-phenylindole dihydrochloride (DAPI) was used to
visualize all microorganisms and host cell nuclei.
Probes were applied using a standardized diagnostic algo-
rithm (Fig. 1). First, all specimens were screened using the
bacterial probe EUB338 labelled with ﬂuorescein isothiocya-
nate (FITC) combined with the Cy3-labelled genus-speciﬁc
probes STREP1 plus STREP2. In cases where only the bacte-
rial probe EUB338 was positive, specimens were simulta-
TABLE 1. Fluorescence in situ hybridization probes
Probe Target Positive control
Negative control
[No. of mismatches to deletions in probe] References
EUB338 Most bacteria [13]
nonEUB338 None [14]
STAPHY Staphylococcus spp. Staphylococcus aureus (ATCC25923) Bacillus cereus (ATCC14579) [1] [9]
SAU Staphylococcus aureus Staphylococcus aureus (ATCC25923) Staphylococcus epidermidis (ATCC12228) [1] [12]
STREP1 Streptococcus spp., except those detected by STREP2 Streptococcus pyogenes (ATCC19615) Streptococcus pneumoniae (ATCC6303) [2] [9]
STREP2 S. pneumoniae, S. mitis- group (S. mitis, S. oralis,
S. peroris, S. sanguinis, S. infantis, S. gordonii
Streptococcus pneumoniae (ATCC6303) Streptococcus pyogenes (ATCC19615) [2] [8]
ENCO Enterococcus spp., except E. faecalis Enterococcus faecium (ATCC19434) Enterococcus faecalis (ATCC29212) [1] [8]
FMDUR E. faecium, E. durans Enterococcus faecium (ATCC19434) Enterococcus faecalis (ATCC29212) [2] [28]
EFAEC E. faecalis, E. sulfureus, Granulicatella spp. Enterococcus faecalis (ATCC29212) Enterococcus faecium (ATCC19434) [1] [29]
GRANU Granulicatella adiacens, G. paraadiacens, G. elegans,
G. balaenopterae, Abiotrophia defectiva,
Lactobacillus coleohominis (Granulicatella-group)
Granulicatella adiacens (ATCC49175) Facklamia hominis (ATCC700628) [1] [8]
BAQU Bartonella quintana Bartonella quintana (CIP103739) Bartonella bacilliformis (ATCC35686) [2] [7]
RE-WHIP3 Tropheryma whipplei Tropheryma whipplei (Twist-MarseilleT
[=CNCM I-2202T])
Actinomyces odotontolyticus (clinical isolat) [1] [30] this study
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neously screened with combinations of EUB338 (Cy5), and
FITC or Cy3-labelled STAPHY, SAU, ENCO, FMDUR, EF-
AEC, or GRANU.
In four cases, PCR ampliﬁcation and sequencing of the 16S
rRNA gene was used to identify colonizing bacteria only
detected by EUB338. Positive sequencing results were con-
ﬁrmed using FISH with species-speciﬁc probes as a conﬁrma-
tion tool (e.g. BAQU, RE-WHIP3).
All probes used for FISH were synthesized commercially
and 5¢ end-labelled either with FITC, or with cyanine dyes
Cy3 or Cy5 (Biomers, Ulm, Germany).
To verify binding speciﬁcity, all genus- or species-speciﬁc
oligonucleotide probes were tested against a panel of
reference strains as published [8]. Species identiﬁcation was
veriﬁed using PCR and sequencing of the 16S rRNA gene.
Furthermore, the nearest phylogenetic neighbours that
exhibited one or two mismatches in the target sequence
were used as negative controls in every hybridization experi-
ment (Table 1) [8].
FISH
Speciﬁcity of the respective probes used for this study was
examined by hybridizing with target and non-target strains as
evaluated in previous studies [7–10]. All oligonucleotide
probes used were speciﬁc to their respective target strains
using 40% formamide, except BAQU, which was hybridized
using 20% formamide and RE-WHIP3, hybridized using
10% formamide in the hybridization buffer [7,8]. The FISH
procedure, visualization and documentation of the FISH
results were done as described previously [7,8,11].
PCR ampliﬁcation of the 16S rRNA gene and sequencing
All samples that were negative in FISH or positive exclusively
with EUB338 were submitted to broad-range PCR ampliﬁca-
tion of the 16S rRNA gene and subsequent 16S rRNA gene-
sequencing as described [7].
Results
To detect and identify endocarditis-causing bacteria, FISH was
used on tissue sections of heart valve biopsy specimens. Good
morphological resolution provided histological orientation
within the tissue. A high signal-to-noise ratio allowed exact
localization of bacteria against the slight autoﬂuorescent back-
ground of the heart valves. Hybridization with EUB338
showed clusters of bacteria within the tissue (Fig. 2). Simulta-
neous hybridization with genus- or species-speciﬁc probes
FIG. 1. Diagnostic algorithm.
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allowed identiﬁcation of pathogens in most cases. Using the
bacterial probe EUB338, FISH successfully diagnosed IE in 26
of 54 cases by showing high numbers of bacterial cells within
the tissue samples. All other samples (n = 28) were FISH-nega-
tive. Of the 28 negative FISH samples, 26 results were con-
ﬁrmed by negative broad-range PCR.
FISH compared with blood culture
FISH conﬁrmed the diagnosis of IE in ﬁve blood culture-nega-
tive cases (Table 2). Among these, probe STREP1 revealed an
infection with Streptococcus spp. in one case. Another patient
was diagnosed to have IE caused by the S. pneumoniae/
S. mitis group using probe STREP2. In three more cases FISH
demonstrated microorganisms within the tissue samples, but
all probes apart from EUB338 failed. Thus PCR was per-
formed to identify the pathogen. In one case, PCR and
sequencing revealed T. whipplei. Another patient was diag-
nosed to have Bartonella quintana as described before [7]. Sub-
sequent use of the species-speciﬁc probes RE-WHIP3 or
BAQU conﬁrmed the presence of T. whipplei or B. quintana,
respectively, in the valve tissue. The third, only EUB338-posi-
tive case remained inconclusive, as broad-range 16S rRNA
gene ampliﬁcation was not successful.
In two of ten cases, culture results could not be con-
ﬁrmed by FISH. FISH was negative in one case in which three
blood cultures and the valve culture were positive for Entero-
coccus faecalis. In a similar case with a single positive blood
culture and the valve culture positive for E. faecalis, no
microorganisms could be conﬁrmed by FISH. On the other
hand, in addition to the ﬁve culture-negative cases, FISH con-
ﬁrmed ten cases where blood culture results were question-
able (Table 2). In these cases, blood cultures either showed
multiple agents, including known contaminants, or could not
be reproduced. All FISH-positive results could be reliably
reproduced.
(a) (b)
(c) (d)
FIG. 2. Fluorescence in situ hybridization (FISH) of aortic valve tissue from a case of streptococci endocarditis. (a) 4’,6-Diamidino-2-phenylindole
dihydrochloride ﬁlter set: note the dense inﬂammatory inﬁltration in the upper right corner. (b) Simultaneous hybridization with FISH probe
EUB338FITC and STREP2Cy3 probe shows large colonies of streptococci lined up in a row. (c) The insert shows one of the bacterial clusters at a
higher magniﬁcation. In the Cy3 ﬁlter set, positive reaction with the speciﬁc probe STREP2 reveals the Streptococcus pneumoniae/mitis group. (d)
FITC/Cy3 overlay: the insert shows single bacteria.
TABLE 2. Fluorescence in situ hybridization (FISH) results
compared with blood and valve culture
No. of
patients
n = 54 (%)
Results of FISH
no. of patients
Positive
n = 26 (%)
Negative
n = 28 (%)
Blood culture results
Growth, major Duke’s
criteria fulﬁlled [3]
10 (18.5) 8 (14.8) 2 (3.7)
Growth, minor Duke’s
criteria fulﬁlled [3]
26 (48.1) 10 (18.5) 16 (29.6)
Culture negative 13 (24.1) 5 (9.3) 8 (14.8)
Not determined 5 (9.3) 3 (5.6) 2 (3.7)
Valve culture results
Valve culture positive 17 (31.5) 15 (27.8) 2 (3.7)
Valve culture negative 37 (68.5) 11 (20.4) 26 (48.1)
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Probe STREP1 bound speciﬁcally in nine cases, document-
ing an infection with Streptococcus spp. In ﬁve cases, probe
STREP2 revealed an infection with the S. pneumoniae/S. mitis
group (Fig. 2). The genus-speciﬁc probe STAPHY hybridized
in ﬁve cases, proving infection with Staphylococcus spp.
(Fig. 3). The species-speciﬁc probe SAU was negative in all
cases. In three more cases, probe EFAEC revealed E. faecalis
as the causative pathogen. ENCO, FMDUR and GRANU
were negative in all cases. All of these species are considered
typical pathogens for IE. Rare organisms were shown in
three other cases, comprising B. quintana, T. whipplei and Lac-
tobacillus paracasei. In one culture-positive case, L. paracasei
septicaemia was veriﬁed by PCR and sequencing, and corre-
sponding rods were visualized within the tissue. Due to the
rare occurrence of Lactobacilli-associated endocarditis, no
speciﬁc probe was designed. One case with evidence of bac-
terial colonization detected by probe EUB338 remained
unidentiﬁed, as sequencing of a PCR product was not suc-
cessful.
FISH results compared with valve culture
In 15 of 17 patients, FISH results matched those of valve cul-
ture. In two of 17 cases, valve culture results could not be
conﬁrmed by FISH. These two patients were blood culture
positive for E. faecalis, but FISH negative. However, in 11 of
37 valve culture-negative cases, FISH showed bacterial colo-
nization. Samples from 26 patients were found to be both
valve culture and FISH negative (Table 2).
Discussion
The diagnosis and optimal management of patients with
IE requires the identiﬁcation of the infectious agent. Heart
surgery is necessary in 25–42% of all IE cases [15,16]. At this
time, patients usually receive antibiotic therapy, and valve as
well as blood cultures often remain negative and are prone
to contamination [17]. Furthermore, endocarditis caused by
fastidious or intracellular organisms is rarely detected by
routine culture methods [6].
FISH is a molecular, culture-independent technique that
allows both visualization and identiﬁcation of endocarditis-
causing microorganisms directly within the patient’s tissue.
To our knowledge, this study is the ﬁrst to evaluate a con-
secutive series of IE cases via FISH. Among the 26 FISH-posi-
tive cases in this study, a typical spectrum of IE-causing
microorganisms was identiﬁed by the probes [2]. Further-
more, B. quintana and T. whipplei were revealed in one case
each. These species are rarely the causative agents in IE
[6,18,19]. Notably, FISH allowed diagnosis of IE in ﬁve of 13
culture-negative cases. If a FISH-positive diagnosis were to
be included as a criterion within the Duke’s classiﬁcation
scheme, eight of 18 (44.4%) patients with possible or
rejected IE could have been reclassiﬁed as deﬁnite IE [3].
FISH analysis gave two false-negative results that were
valve culture, blood culture, and PCR positive. All other 26
FISH-negative valves had no evidence of bacterial coloniza-
tion in valve culture or with PCR ampliﬁcation. Therefore,
the false-negative FISH results may be due to sampling
errors, e.g. cases in which the examined valve portion was
not affected by the infectious process, or perhaps the sensi-
tivity of FISH was too low for visualization in these cases.
Histology with stringent criteria is considered to be the
reference standard for the diagnosis of IE [20,21]. However,
diagnosis of IE by light microscopy is time consuming, chal-
lenging, and does not allow the speciﬁc identiﬁcation of
microorganisms. Similarly, conventional microbiological stains
for endocarditis-associated pathogens allow visualization but
not species-level identiﬁcation of microorganisms.
Recent studies have evaluated modern molecular methods
along with standard histology and culture methods [22,23].
PCR and subsequent sequencing has been successfully used
to reveal pathogens in culture-negative cases and to detect
fastidious organisms [4,5,24]. Therefore, it has been
proposed that a positive molecular diagnosis of IE should be
added as a major criterion in IE diagnostics [22,25].
However, PCR does not provide information about mor-
phology, number, viability or spatial distribution of pathogens.
Moreover, false-positive ﬁndings due to contamination with
FIG. 3. Visualization of staphylococci by ﬂuorescence in situ hybrid-
ization (FISH) in mitral valve tissue. (a) Simultaneous hybridization
with probe EUB338FITC and the genus-speciﬁc probe STAPHYCy3
shows staphylococci. The insert shows single staphylococci arranged
in tetrads.
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bacterial DNA and false-negative results due to inhibitory
factors within blood or tissue may occur [26,27]. It has been
shown that bacterial DNA may persist long after IE is cured,
leading to false-positive results [18]. Nevertheless, PCR is
necessary to identify the full spectrum of pathogens causing
IE but needs supplemental methods to conﬁrm the results
[23,26].
In response to the criticisms of current diagnostic
practice of IE, we propose FISH as a useful technique that
combines the advantages of both histopathology and molecu-
lar methods. FISH combines molecular detection with
visualization and is therefore widely used for detection and
identiﬁcation of bacteria within their natural environment
[7,9,10,12]. FISH allows the detection not only of cultivable
microorganisms, but also of fastidious or yet-uncultured
organisms. FISH can therefore identify pathogens in culture-
negative cases. Compared with conventional light micros-
copy histology, it is easy to detect pathogens due to the
bright signal of the ﬂuorescently labelled probes.
The diagnosis of IE by FISH is highly probative as it dif-
ferentiates between contaminations of the sample and true
infection of the heart valve. This is achieved through direct
identiﬁcation of microorganisms within their histological
context. Endocarditis is characterized by vegetations of
microorganisms organized in colonies and large bioﬁlms.
Fig. 3 shows the infection of a mitral valve by coagulase
negative staphylococci (CNS) in a patient with rejected
endocarditis because CNS in a blood culture were regarded
as contamination. FISH was the only technique that could
unequivocally prove CNS endocarditis in this case. In most
cases, higher numbers of microorganisms were detected by
DAPI compared with FISH. Since FISH probes hybridize to
rRNA present primarily in metabolically active bacteria, it is
highly likely that the FISH-positive bacteria were viable at
the time of sampling. DAPI-stained microorganisms not
stained by FISH probably correspond to dead or metaboli-
cally inactive bacteria.
Limitations
As with PCR and subsequent sequencing, FISH is not a
‘stand-alone’ technique. It is a useful complement to the
diagnostic workﬂow, but it can not substitute for routine
culture. Although the infectious agent was found in 26 cases,
the clinical beneﬁt of FISH for patient management should
be evaluated in a prospective study. The FISH probes used
in this pilot study do not allow the species-level identiﬁca-
tion of streptococci or staphylococci. More species-speciﬁc
probes would be beneﬁcial for better antibiotic management.
Finally, this technique is applicable only if heart valves are
resected or biopsy specimens are taken. As with other
microscopic techniques, the sensitivity of FISH is generally
low. However, in this study bacteria were typically seen in
large bioﬁlms that were easy to detect.
Even in such cases, FISH can not substitute for routine
culture, but may present a useful complement for culture-
negative or questionable cases.
The present pilot study has proved that FISH has the
potential to allow diagnosis of IE. FISH may be directly
performed on sectioned heart valves and is not susceptible
to contaminants, provided that only tissue-embedded
colonies are evaluated. It allows simultaneous detection,
visualization and identiﬁcation of microorganisms at the
genus and species level. Inclusion of FISH in a conventional
diagnostic workﬂow can unequivocally prove IE in ques-
tionable cases and may therefore contribute to better
patient management.
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